Abstract: Changes in the microstructure of the free volume and its temperature dependence in ethylene-norbornene copolymer and bisphenol-A polycarbonate due to densification under pressure and swelling with CO 2 gas have been examined using positron annihilation lifetime spectroscopy (PALS) and pressurevolume-temperature (PVT) experiments. Employing the Simha-Somcynsky equation of state the specific hole free and occupied volumes were estimated. From the PALS spectra analyzed with the new routine LT9.0 the size distribution of subnanometre holes and its mean and mean dispersion were calculated. Above T g , the dispersion mirrors the thermal fluctuations in the free volume. From comparison of PALS and PVT data the specific number of holes was estimated. It was found that the occupied volume has a constant and identical compressibility in the glassy and rubbery state. It shows no memory for the history of the glass and mirrors only the pressure and temperature during the measurement. The change in the total volume due to the pre-treatments of the polymers occurs exclusively in the hole free volume V f and the relative change in V f is one order of magnitude larger than in the total volume. PALS data show that the mean hole size and its dispersion in the glassy state is decreased due to densification and increased due to swelling. PVT data show that the volume changes are frozen in the polymer glasses and that, when heating the samples, the volume begins to recover at temperatures ca. 50 K in gas swollen and 20 K in densified polymers below T g . The PALS data show a corresponding behaviour.
Introduction
The free volume appearing in amorphous polymers due to their structural, static or dynamic, disorder is of fundamental importance for several macroscopic properties of these materials, such as viscosity, molecular transport, structural relaxation, and physical aging [1] [2] [3] [4] [5] [6] [7] [8] . A detailed knowledge of the free volume, its amount and structure on an atomic scale, is therefore an essential goal for understanding many physical properties of polymers. A polymer glass is generally in a non-equilibrium state and its behaviour depends strongly on the thermodynamic formation history. Cooling from the melt with decreasing rates or ageing below T g lead to a densification of the glass. Much stronger changes in the volume of glasses are observed when cooling the polymer from the melt under high pressure. The opposite effect usually occurs when exposing a polymer glass to a gas atmosphere at high pressure.
The total free volume may be easily estimated as the difference between the mean and the van der Waals volume, V ft = V -V W ≈ (0.3 -0.5)V. It is viewed as a single space consisting of smaller and larger multi-connected local empty spaces with irregular shape. When a probe molecule is inserted, only those empty spaces, which are able to accommodate the probe, will be detected and they appear as many isolated local free volumes with atomic and molecular dimensions [7, 8] . This partial empty space may be denoted as hole-free volume. It can be expressed by V fh = V f = V -V occ , where the occupied volume V occ has to be defined. The hole free volume is of special importance since the diffusion of small molecules and segmental relaxation processes, for example, need local empty spaces larger than a minimum value [2, 3, 6, 7] . Therefore, is not the total free volume but a hole free volume that controls these processes.
Positron annihilation lifetime spectroscopy (PALS) is known to be the most powerful experimental method for studying on a subnanometre scale the size of local free volumes [9] [10] [11] [12] . In molecular matter positronium (Ps), an electron-positron bound state with a size comparable to that of the hydrogen atom, is formed in the terminal part of the positron spur generated by a decelerating positron from an external β + source and an excess free electron and becomes localized in a local free volume (hole). During its life the localized Ps collides with the hole walls, which reduces the mean lifetime of the ortho state, o-Ps, from 142 ns in infinitely large holes (selfannihilation in a vacuum) to the low ns-range in subnanometre-size holes (pick-off annihilation). Ps will exist in the hole where it is formed or first trapped until annihilation (Anderson localization). That means that the o-Ps lifetime mirrors the hole size and shape at the moment of annihilation and in that way the distribution of hole sizes (and shapes) as a distribution in the o-Ps lifetimes. Employing a semiempirical model [9, 13, 14] the hole size distribution can be calculated from the o-Ps lifetime distribution [15, 16] . Due to energetic reasons empty spaces with a diameter of less than ∼3 Å (corresponding to a volume of ∼15 Å 3 ) are not able to localize Ps (a light quantum mechanical particle). Therefore, only free volumes larger than this size are detected [17] . We denote these free volumes as holes and their sum as hole free volume V fh = V f .
The results of PALS can be very well correlated with molecular dynamic simulations when the particular properties of the o-Ps probe are taken into account in probing the calculated free volume structure in polymers [7, 8] . The PALS method is unable to directly measure the hole density or the hole fraction. It was, however, shown that the combination of PALS with pressure-volume-temperature (PVT) experiments allows the estimation of these values [16, [18] [19] [20] [21] [22] .
The aim of this work is to characterize as completely as possible the structure of the free volume in two selected polymers and how the free volume varies with temperature in the glass and in the melt. As objects for our investigation we choose a pilot sample of a statistic cycloolefin copolymer (COC) made from approximately equal molar fractions of norbornene and ethylene and a commercial Bisphenol-A polycarbonate (PC). These polymers have repeat units as shown in Scheme 1. Both materials show a glass transition at ∼415 K. In recent years COC has raised the interest of both the academic and industrial world due to its excellent properties [23] .
We compare the temperature dependence of the free volume in these polymers with its change in the polymer glass due to pressure-densification and due to conditioning in a CO 2 gas (after degassing). This comparison is of particular interest since these physical treatments change (decrease or increase) the free volume without changing the chemistry of polymers or the temperature and pressure of the experiments. Moreover, we study the recovery of the free volume in the treated samples during isochronal annealing. For this study we employ PALS and PVT experiments. There are many works in the literature on PVT investigations of PC [24] , among them one on pressure-densified PC [25] . To our best knowledge such experiments have not been performed for COC. Many PALS studies of untreated [26-29a] and gas-exposed PC [29b, 30] were published. For COC, only a few works on the untreated material studied at constant temperature are known to us [31, 32] . The effect of pressure-densification was studied by PALS and PVT for PMMA [20] and PS [33] .
The novelty of our work compared with most others is that from our analysis of the positron lifetime spectra we can determine the hole size distribution characterized by its mean and mean dispersion by employing the new routine LifeTime, version 9.0 [34]. Furthermore, we evaluate the PVT experiments by applying the equation of state of the Simha-Somcynsky lattice-hole theory (S-S EOS [4, 5] ). This allows us to estimate the fractional and the specific hole free volume. From their comparison with the PALS results, the number density of holes is estimated. In this way we obtain all of the important parameters, which characterize the hole free volume. We are particularly interested to investigate how both parts of the volume, the free and occupied, behave as functions of temperature, pressure, and formation history of the glasses.
Results and discussion
Specific total, occupied, and free volume in untreated polymers from PVT experiments Figure 1 shows isobars of the specific volume V of COC and PC for selected pressures. These data we analysed employing the EOS of the S-S lattice-hole theory [4, 5] . This theory describes a liquid as a periodic lattice of cells of equal size each having z = 12 nearest neighbours. The disorder is modelled by assuming a statistical mixture of occupied (fraction y) and unoccupied cells (holes or vacancies, fraction h = 1 -y). The S-S eos follows from the pressure equation P = -(∂F/∂V) T , where F = F(V, T, y) is the Helmholtz free energy of the liquid, and contains the variables y and pressure, volume, and temperature in reduced scales, % P = P/P*, Ṽ = V/V*, T = T/T*. P*, V*, and T* are scaling parameters characteristic for the given liquid. The S-S eos is given by
The occupied volume fraction y is coupled with T and Ṽ in a second equation derived from the minimization condition (∂F/∂y) V,T = 0. It was shown that both equations may be replaced in the temperature and pressure ranges T = 0.016 to 0.071 and P = 0 to 0.35 by the universal interpolation expression
with a 0 = -0.10346, a 1 = 23.854, a 2 = -0.1320, a 3 = -333.7, a 4 =1032.5, and a 5 = -1329.9 [5] . The molecular weight of a S-S mer of a polymer can be calculated from M 0 = RT*/(3P*V*) (R is the gas constant) and the volume of a S-S cell from v SS = M 0 V occ /N A (N A -Avogadro's constant). In the case of a copolymer M 0 is considered to be the mean of the molecular weights of the component s-mers weighed by their number fraction. The S-S eos Eq. (1) is derived under the general assumption of equilibrium, however, the specific assumption that the free energy is a minimum has not been made here. Therefore, it is usual to calculate the y values from the specific volume below T g (P) via Eq. (1) using the scaling parameters P*, V* and T* determined for the melt. These y (and h) values are considered to be sufficiently good approximations for conditions not too far from equilibrium [38] . The values of the glass transition temperature estimated from the PVT experiments are close to those from DSC (Tab.1). The isobaric coefficient of thermal expansion of the total and the partial volumes, defined by α i = (1/V i )(dV i /dT)⏐ P , i = total, occ, f, are also shown in Table 1 . α = α total changes at T g from ∼2 to ∼6 in units of 10
. The thermal expansivity in the rubbery state decreases distinctly with increasing pressure. We observe that α occ,g ≈ α g /2 and α occ,r ≈ 0 (g -glass, r -rubber). This is unexpected in the light of classical free volume models, but was also found recently for various styrene copolymers [16, 40] . This result has a particular importance since it shows that the usual expression for the fractional coefficient of the free volume expansion in the rubbery state, α fr * ≈ Δα = (α r -α g ), is not a good approximation but should be rather substituted by α fr * ≈ α r (Tab. 1). The fractional coefficient α f * is defined by α f * = (1/V)(dV f /dT)⏐ P = hα f (α = α occ * + α f * and α occ * = (1 -h)α occ ). Table 1 also shows the isothermal compressibilities defined by κ i = -(1/V i )(dV i /dP)⏐ T , i = total, occ, f. κ = κ total changes at T g from ∼3 in the glass to 5 -6 in the rubber in units of 10 -4 MPa -1
. For 650 K a value of κ = 8.8×10 -4 MPa -1 is estimated. We observe ( Fig. 1 and Table 1 ) that the occupied volume, V occ , is remarkably compressible, a property we have previously observed for other polymers [6, 16, 40] . κ occ corresponds approximately to values known for polyethylene crystals and shows almost no change at T g .
The fractional compressibility of the free volume, κ f *, varies parallel to κ , κ f * = κ -κ occ *. κ fr * ≈ Δκ = κ r -κ g is a good approximation for T ≥ T g . It is interesting that κ occ,g * ≈ 2κ g /3 and κ f,g * ≈ κ g /3 (Tab. 1). The compressibility of the free volume itself, κ f , has values of about one order of magnitude larger than the compressibility of the total volume. The same is true for the coefficient of thermal expansion α f .
Tab. 1. Sample characterization and volume parameters for ambient pressure estimated from the PVT data (for symbols see text).
±0 ±0.05
±0.3 23.1 24.1 1) at 300 K, 2) at T g , 3) mole fraction-weighted average, 4) at T g + 50 K Figure 2 shows the behaviour of the specific free volume V f = hV. To achieve an analytic expression for describing its temperature and pressure dependency in the rubbery state we assumed that V f follows the relation
, where E f = (dV f /dT)⏐ P is the specific thermal expansivity and T 0 ' is the temperature at which the extrapolated free volume vanishes. In a first least-squares fit we allowed E f and T 0 ' to be free-floating. The obtained T 0 ' varied with P slightly in an unsystematic way between 261 K and 270 K (± 2 -4 K) for COC and between 264 K and 268 K for PC. In a second fit we fixed T 0 ' to its average of T 0 ' = 267 K (COC) and 266 K (PC), respectively. These fits are still good with a typical value of the coefficient of determination of r 2 = 0.9991 to 0.9999. Subsequently, we analyzed the pressure dependency of the specific thermal expansivity and found that E f can be fitted by the relation E f = E f0 /(1 + aP + bP 2 ) (r 2 =0.9997). V f then follows the equation .) The PVT data of the pressure-densified and gas-exposed sample will be discussed in a subsequent chapter.
Positron lifetime spectra and their analysis
The (normalized theoretical) positron lifetime spectrum s(t) is given by the Laplace transformation of the function α(λ)λ, where α(λ) is the probability density function (pdf) of the annihilation rate λ = 1/τ and τ the corresponding lifetime. In molecular substances usually three exponential-like decay components occur, which come from the annihilation of para positronium (p-Ps), free (not Ps) positrons (e + ), and ortho positronium (o-Ps) [9] [10] [11] [12] . In the conventional analysis of lifetime spectra each of the α i (λ) is approximated by a δ-function, α i (λ) = δ(λ -λ i ), so that the lifetime spectrum consists of three exponential decay components, A first, fully unconstrained analysis delivered the p-Ps parameters τ 1 = 0.09 -0.15 ns, σ 1 ≈ 0, and I 1 /I 3 = 0.3 -0.5. These values are in good agreement with the expectations [9-12], which proves the quality of our experiments and fitting procedure. The p-Ps annihilates mainly via self-annihilation and shows only a very weak response to the surrounding material. In a vacuum its lifetime is 0.125 ns. In the final analysis we constrained I 1 /I 3 = 1/3 (the theoretical value [10, 12] ) and σ 1 = 0, but left all other parameters, τ 1 , τ 2 , τ 3 , σ 2 , σ 3 , I 3 , and the time zero t 0 , free floating.
The background B was estimated from the random coincidence events detected for t > 30 ns. Figure 3 shows the most important parameter of our analysis: the mean, τ 3 , and the mean dispersion (half width), σ 3 , of the lifetime distribution of o-Ps for the two polymers under investigation. For untreated COC τ 3 varies between 1.98 ns at 300 K and 2.71 ns at 480 K, and σ 3 between 0.3 ns and ∼0.5 ns. τ 3 exhibit a distinct increase in its slope at a temperature which can be thought of as the (microvolumetric) T g . This behaviour can also be observed for The pressure-densified COC shows smaller values of τ 3 and σ 3 compared with the untreated sample. This effect is reversed for the gas-exposed COC. During heating of both treated samples the lifetime parameters approach those of the untreated material near T g . Figure 3 , right-hand part, shows that PC behaves in a similar manner to COC.
The Ps formation probability P Ps = I 1 + I 3 , (I 3 = 3 P Ps /4, I 1 = P Ps /4) is a very complex function and depends on different parameters such as the mobility of positrons and free electrons, the recombination of ionized molecules with free electrons, and the appearance of shallow or deep electron or positron traps. The two latter processes compete with combining of an electron and positron to form Ps [10, 41, 42] . Figure 4 shows the Ps yield P Ps . For COC, P Ps shows a behaviour known for other hydrocarbon polymers: a decrease below T g and a strong increase above. The physical nature for this behaviour is discussed in Ref. [42] . In the case of PC a weak depression near room temperature is observed followed by a slight increase. The Ps yield in PC is always higher than in COC. Frequently the assumption is made that I 3 = 3 P Ps /4 follows the density of holes. This is, however, not confirmed and disagrees with the results from this and other works [16, 18-22, 40, 41] . Some of us found indications that I 3 may increase with increasing hole size and discussed arguments for this behaviour [22] , which seems to correspond to the results presented here. The Ps yield P Ps in gas-exposed and pressure-densified samples is slightly larger or smaller, respectively, than in the untreated polymers.
The local free volumes in untreated polymers
Assuming the shape of the holes (spheres, cylinders or cuboids) the hole volume is usually calculated from the o-Ps lifetime τ 3 using a semi-empirical model. The Actually, the free volume holes have a size (and shape) distribution that leads to the distribution in τ 3 and in the annihilation rate λ 3 . The radius probability distribution function (pdf) n(r h ) can be calculated from n(r h ) = -α 3 (λ)dλ/dr h [15] , At low temperatures, o-Ps is trapped in local free volumes within the glassy matrix and τ 3 , and hence <v h >, show the mean size of static holes. The averaging occurs over full range of hole sizes (and shapes). The slight increase of <v h > with temperature mirrors the thermal expansion of free volume in the glass due to the anharmonicity of molecular vibrations and possibly local motions in the vicinity of the holes. In the rubbery phase, T > T g , the segmental motions increase rapidly in frequency and amplitude, resulting in a steep rise in the hole size with temperature. Above T g , <v h > represents an average value of the local free volumes whose size and shape fluctuate in space and time, provided the timescale of a typical segmental relaxation is greater than the mean o-Ps lifetime. 
Equation (6) assumes that o-Ps detects the same hole free volume V f as estimated from the S-S eos analysis of PVT data. Equation (7), on the other hand, may be considered as an empirical, model-free, relation. Figure 6 shows plots of both V f (T) and V(T) vs. <v h (T)> where all values were taken at the same temperature T. Within the accuracy of the data the plots of V f vs. <v h > are linear, show no change at T g , and go almost perfectly through zero (the deviation from zero is 0.0016 for COC and 0.0031 for PC). This shows that the specific number density of holes, N h ', is constant. Some of us have recently shown that this constancy comes from the fact that, although the fraction of vacancies of the S-S lattice increases with the temperature (PC), respectively. Plots of the total volume V vs. <v h > for T > T g deliver only slightly larger slopes than the plots of V f . Below T g the volumes deviate from the straight line fitted to the data from above because of N h ' = dV/d<v h > -dV occ /d<v h > = (dV/dT)/(d<v h >/dT) -(dV occ /dT)/(d<v h >/dT) due to the thermal contraction of the occupied part of the total volume, which has been discussed in a previous chapter and is proved here independently.
The volumetric behaviour of pressure-densified and gas-swollen polymers
Figures 7 and 8 show 10 MPa-isobars of the specific total, V, occupied, V occ , and free, V f , volume for pressure-densified, CO 2 gas-exposed, and untreated polymers. For densification the samples were heated in the PVT device to a temperature of 543 K, exposed to a pressure of 50, 100, or 200 MPa, and cooled down to room temperature under this pressure. Subsequently, the sample was depressurised to 10 MPa and the 10 MPa heating curves were taken. In Fig. 7 we have omitted for clarity the curves for the samples densified at 50 and 100 MPa but included the 200 MPa heating isobar of the untreated sample. Our specific volume data show that V decreases gradually with increasing densification pressure. For COC, the relative decrease in specific volume at room temperature (extrapolated) is 0.92 % (200 MPa), 0.51 % (100 MPa), and 0.28 % (50 MPa). It is very interesting that the decrease in the total volume comes exclusively from the decrease in the specific free volume V f . Its relative changes are about one order of magnitude larger than those of the total volume and amount to 13.3, 8.0, and 2.7 %, respectively. For PC the corresponding changes are 1.08, 0.72, and 0.48 % in V, and 12.4, 7.4, and 4.1% in V f , respectively. Corresponding results have been found for pressure-densified PMMA [20] and PS [33] . The increases for the gasexposed and degassed samples are 0.86 and 9.3 % (COC) and 0.95 and 14.3 % (PC), in V and V f respectively. The shift in the volumetric glass transition to lower temperature due to the residual gas is 16 K for PC and only 3 K for COC, even if the remaining CO 2 content after conditioning seems to be very small (see above).
The occupied volume, V occ , is completely independent (within the accuracy of experiments and data analysis) of the pre-history or treatment of the samples and mirrors solely the temperature and pressure (due to its compressibility) to which the sample is exposed during the measurements. This behaviour of V occ is a very interesting aspect of non-equilibrium volume change and is, to our best knowledge, analysed here for the first time.
The observed behaviour of the partial volumes is physically reasonable. As in our previous works, we assume that the hole free volume in polymers is related to the segmental dynamics [44, 45] . The segmental motions are characterized by low frequencies and large amplitudes and most of them freeze below T g . Therefore, the hole free volume depends distinctly on the pathway of glass formation or treatment of the glass.
Analogously, we may associate the occupied volume with molecular vibrations, which have high frequencies and small amplitudes. Although the excitation of vibrations decreases with decreasing temperature, they are still active below T g as shown by the value of the heat capacity [46, 47] . Therefore, the occupied volume does not freeze in the glass but is also able to respond immediately to the change in the pressure and temperature applied during the measurements. Fig. 9 . Probability density function (pdf) of the hole radius, n(r h ), and hole volume, g n (v h ), at 300 K for untreated (black), densified at 200 MPa (blue), and CO 2 gasexposed and degassed COC (red). The upper, dotted curve shows the values of untreated COC at 480 K. The curves were normalized so that ∫v h g n (v h )dv h = 1 (integration from 0 to ∞).
Our data show that the relaxation of the total volume after the sample is released from densification pressure comes mainly from the complete relaxation of the occupied volume. About 60 % of the free volume change in the sample densified at 200 MPa remains at room temperature after reducing the pressure to 10 MPa. A fraction of the difference, 40 %, is expected to come from the compressibility of the free volume, since we compare measurements at 200 MPa with those at 10 MPa.
The variation of the mean o-Ps lifetime and mean hole size in gas-exposed PC as a function of the pressure at RT was studied by in-situ PALS measurements by Hong et al. [29] and Bohlen et al. [30] and discussed in terms of hole filling and polymer plasticization. These studies showed an irreversible increase in the mean hole size after degassing of the gas-loaded glasses.
Our PALS data displayed in Fig. 5 show that both parameters the mean of the hole volumes, <v h >, and the mean dispersion, σ h , in the glassy state decrease due to densification and increase after swelling the samples in CO 2 . In the rubbery or liquid . Below T g most of σ h comes from a quasi-static hole size distribution. The slight increase of σ h of the untreated sample with T may indicate that some fraction of σ h has a dynamic origin even in the glass. Actually, κ f * does not go to zero in the glass but has a finite, although small, value at 300 K being one order of one magnitude smaller than the total compressibility κ = κ occ * + κ f *. κ f * increases slightly with temperature in the glass and shows an abrupt increase at T g from <1×10 . The decrease of σ h after densification and its increase after exposing the samples to CO 2 may indicate that the values of κ f * behave parallel to σ h . Figure 9 shows for COC, as an example, some selected hole size distributions calculated from the annihilation rate distribution α 3 (λ) via Eq. (5). The radius pdf has an almost Gaussian shape, while the volume pdf is asymmetric with a tail at higher volumes. These shapes, however, do not come out directly from the experiment but are given by the assumed log normal shape of α 3 (λ)λ [34]. The figure shows the change of the mean and width of the distributions with temperature or sample treatment. Recently, calculations of atomistic packing models for glassy polysulfone and poly(ether sulfone) were published [48] , which show that the mean and the width of the hole size distribution and the volume fraction of holes increases after CO 2 swelling of these polymers. Figure 10 shows the specific hole free volume calculated from PALS data via V f = N h '<v h > for comparison with the PVT data. We assumed that the hole density is constant and independent of the sample treatment (see Tab. 2). The latter assumption may be questionable and may cause the differences in the size of changes observed when comparing Figs. 8 and 10. Otherwise, both experiments show qualitatively the same behaviour of the specific free volume. In Fig. 11 we plot for COC, as an example, the annealing of the change of V f caused by densification or gas-exposure from PVT. The relative change is defined by
Here V f,treated (300) and V f,treated (T) are the free volumes of the treated samples before annealing (at 300 K) and after isochronal annealing at T. V f (300) and V f (T) describe the same values for untreated polymers. In CO 2 gas-exposed and degassed COC we have used the cooling curve as a reference. The PALS data are defined equivalently to the PVT data, where Δ<v h >/Δ<v h > max = ΔV f /ΔV f,max when assuming an unchanged hole number N h '. Fig. 11 . Isochronal annealing of the relative free volume change for COC. Data points: red -CO 2 gas-exposed and degassed sample, blue -densified sample. Left graph: derived from PVT taken with a heating rate of 2.5 K/min, ΔV f /ΔV f,max . Right graph: derived from PALS data taken with an annealing time of 6 hours at each temperature, Δ<v h >/Δ<v h > max . The arrows show the temperature for 50 % annealing of the free volume changes.
The PVT data show single annealing stages centred around 368 K (gas-exposed sample) and 390 K (densified sample), respectively. This shows that the segmental mobility (or volume fluctuation) in the glass is larger in the sample with larger free volume (gas-exposed) than in the densified sample. The PALS data agree with this picture, although with large statistical scatter, with the tendency of a shift of the stages to lower temperatures. This comes from the large annealing time at each temperature, which corresponds to the measuring time for a positron lifetime spectrum (6 hours).
The annealing of the volume change in the densified samples some tens of K below the T g of untreated polymers may be understood taking into account that strain energy is trapped in the glass prepared under elevated pressure. The strain energy stored in the form of strained bond angles or unfavourable intersegmental interaction could provide a sufficient driving force to overcome the local energy barriers and makes a cooperative rearrangement of neighbouring segments possible. This may be also true to some extent for the gas-swollen samples whose structure is also far from quasi-equilibrium. Here, however, we may additionally expect that regions with larger local free volume show an increased local mobility, which makes it easier to approach the quasi-equilibrium already at moderate temperatures. The role of free volume and its distribution on the volume recovery in polymer glasses were discussed in past by Robertson et al. [38, 49] on the basis of the S-S EOS.
Conclusions
The fractional coefficient (α i * = (1/V)(dV i /dT) P ) of isobaric thermal expansion of the occupied volume, α occ *, changes for COC at T g from α occ,g * ≈ 0.5α g ≈ 1×10
. From this it follows that the traditional approximation for the expansion of the free volume, α fr * ≈ Δα = (α r -α g ), which comes from α occ,r * = α g , is incorrect. Since α occ,r * ≈ 0, α fr * ≈ α r is the distinctly better approximation. The coefficient of thermal expansion of the free volume, α f , is in both temperature regions, below and above T g , more than one order of magnitude larger than the expansion coefficient of the total volume. The fractional isothermal compressibility of the occupied volume, κ occ *, exhibits only a small change at T g with values of κ occ,g * ≈ κ occ,r * ≈ 2.×10
. The fractional compressibility of the free volume, κ f *, varies parallel to κ , κ f * = κ -κ occ *. κ fr * ≈ Δκ = κ r -κ g is a good approximation for T > T g . The compressibility of the free volume itself, κ f , has values of about one order of magnitude larger than the compressibility of the total volume.
The mean size of local free volumes (holes) in COC increases from 88 Å 3 at 300 K to 158 Å 3 at 480 K, its mean dispersion from 60 Å 3 to 93 Å 3 . Both parameters show a distinct increase in their expansivity at T g . Above T g the hole size dispersion mirrors the thermal volume fluctuations, which freeze below T g . The number density of holes was estimated to be constant at 0.82(±0.03)×10 21 g -1
.
The volume data of PC show an analogous behaviour to COC except that all volumes are slightly smaller.
The pressure-densified samples show a decrease in their total and free volume with increasing densification pressure. This decrease comes exclusively from the free volume and its relative value is here one order of magnitude larger than that of the total volume. The CO 2 gas swollen samples show an analogous behaviour with increasing volumes. The mean hole size and its dispersion decrease due to densification and increase due to swelling. The occupied volume shows no memory for the pre-history of the glass and mirrors directly the pressure and temperature during the measurement. PVT data show that the isochronal annealing of the volume changes occurs at temperatures below T g , by 50 K in the gas swollen and 20 K in the densified samples, which is attributed to the strain energy trapped in the glass. The PALS data show a corresponding behaviour.
Experimental part

Samples and treatments
The statistic cycloolefin copolymer (COC) was a pilot sample supplied by Hoechst AG (now TOPAS Advanced Polymers). The molar composition was determined by 1 H NMR and 13 C NMR to be norbornene/ethylene = 52/48, the molecular weight is M w /M n = 94.16 kg/mol / 26.04 kg/mol (GPC, PS standard). The commercial bisphenol-A polycarbonate Lexan 121 (PC) was obtained from GE Plastics.
The samples were pressed at T = 533 K and P = 1 MPa to plates of 1 mm thickness, cooled down with the help of a metal block to room temperature within 2 min., and stored at room temperature for several months. Differential scanning calorimetry (DSC) was performed by means of a DSC Q 1000 (TA Instruments) with a heating/cooling/heating cycle in the temperature range between 213 K and 523 K with a rate of 20 K/min under nitrogen. The glass transition temperature T g was determined from a half-step construction from the second heat to be 413 ± 2 K (COC) and 416 ± 3 K (PC), respectively. Both samples did not show a clear difference in the glass transition during the first and second heating except the overshooting of the heat transition step at T g due to the enthalpy relaxation in the first heating runs.
To obtain pressure-densified state, the samples were heated in the PVT apparatus to the melt (543 K), exposed to a pressure of 200, 100, or 50 MPa, and cooled down to room temperature under these pressures with a rate of 2.5 K/min. Below 373 K the cooling rate slowed down due to limited heat transfer between the sample cell and air. A bulky material was obtained from which disc shaped samples for the PALS analysis were cut. The DSC scan of the samples densified at 200 MPa showed a lowering of the glass transition temperature by ∼5 K and the expected overshooting.
The gas-exposed state was made by exposing the samples for 72 h to a 5 MPa CO 2 gas atmosphere at room temperature. This leads to a plasticization and swelling of the sample and a distinct depression of the glass transition temperature. These effects have been studied in detail for PC and other polymers [35] [36] [37] . Here, we are interested only in the irreversible increase in the free volume of the polymer glass due to the highly absorbable gas. Therefore, we degassed the samples after the exposure to the CO 2 for several days in a laboratory atmosphere. Within two days we observed a weight loss of 10.1 %, after 1 week constant weight was observed (weight loss 10.8%). Additional degassing in vacuum did not reduce the weight significantly (<0.2 %). Furthermore we monitored the gas desorption by the help of DSC measurements. In the heat flow curve an extra peak appeared in the temperature range between 330 K and 410 K (not shown). With increasing degassing time, the peak lost its intensity at lower temperatures and seemed to disappear after holding the samples for 7 days in atmospheric conditions or for 12 hours in vacuum. At the beginning of the conditioning, the weight loss during the DSC run reduced fast with time. The weight loss of the sample analysed 30 min. after finishing the gas exposition was > 7 %, after 1 day 1.8 %, and after 1 week less than 0.1 %. Conditioning in vacuum for 12 h reduced the weight loss to ca. 0.3 %.
Complete evaporation of the CO 2 is certainly true for PALS experiments with the long measuring times in vacuum. PVT experiments showed, however, a slight volume effect, in particular for PC, attributed to residual gas, which cannot escape from the samples. When performing the PVT measurements the samples are put in a sealed rigid sample cell and the polymer is surrounded by liquid mercury, no gas can disappear from the polymer. Since we did not want to change the polymer structure after gas-exposition we used the samples stored for 7 days in ambient atmosphere for PVT experiments without further annealing. Before the PALS measurements were taken the samples were stored after degassing for 3 weeks at 5 °C.
Experiments
PVT experiments were carried out by means of a fully automated GNOMIX highpressure mercury dilatometer [24] . The instrument is able to detect changes in specific volume as small as 0.0002 cm . The densities of the samples at room temperature were determined by means of an Ultrapycnometer 1000 (Quantachrome) with an accuracy of 0.03 %.
The untreated samples were measured between room temperature and 533 K in steps of 5, 10, or 15 K in standard isothermal mode (ITS) operating between 10 and 200 MPa and recording data in 10 MPa steps. The specific volumes for ambient pressure were obtained by extrapolating the values for 10 to 30 MPa in steps of 1 MPa according to the Tait equation [24] using the standard GNOMIX PVT software. Other modes of operation used to carry out the densification and relaxation cycles were isobaric heating and cooling runs (IBA) with 2.5 K/min at 10, 50, 100, and 200 MPa. In the molten state the samples were compressed or relaxed to equilibrium, while in the glassy state at room temperature pressurization or decompression resulted in non-equilibrium states. The relaxation of such frozen states to equilibrium was followed during isobaric heating runs at 10 MPa (for details see a subsequent chapter). The same relaxation experiments were done for the samples held for 7 days in a laboratory atmosphere after gas exposing.
The PALS measurements were performed using a fast-fast coincidence system [9-12] with a time resolution of 265 ps (FWHM, 22 Na) and a channel width of 25.5 ps. Two identical samples were sandwiched around a 1 MBq positron source: 22 NaCl, deposited between one 2 μm thick aluminium and two 8 μm thick Kapton foils on each side of the source. The temperature of the samples, placed in a vacuum chamber with a pressure of 10 -5 Pa, was varied between room temperature and 493 K at maximum in steps of 10 K with an uncertainty of ±1 K. Each measurement lasted 5 -7 hours leading to a lifetime spectrum of ∼5×10 6 coincidence counts. This high total count is necessary when analyzing the lifetime spectra with the routine LT9.0 in its distribution mode. Source corrections, 4.4 % of 386 ps (Kapton and NaCl) and 5.5 % of 165 ps (Al foil) and the time resolution were determined by measuring a defectfree p-type silicon reference (τ = 219 ps). The final resolution function used in the spectrum analysis was determined as a sum of two Gaussians. More details on these experiments can be found in our previous papers [16] .
